Natural gamma ray measurements are made routinely during core logging using the physical property multisensor track. The instrument provides a measure of the natural decay of radioactive elements in the core, expressed in counts per second, which is generally used as a proxy for the clay content of nonmarginal marine sediments. At Site 1201 spikes of increased gamma ray emissions, up to six times the average for the entire core over depth intervals on the order of 20-50 cm, are observed from the sediments within 50 m of the basement contact. The spikes show a strong correlation with sediment color variations, coinciding with red/brown layers within otherwise green/gray-colored sediments. In this paper, the gamma ray spectra obtained from 21 measurements using a 4-hr counting period are analyzed to obtain the absolute concentration of the radioactive elements K 2 O, U, and Th in both the intervals with spikes and the intervals with relatively low count rates. In addition, the concentration of these elements is estimated using the spectra obtained from the routine 20-s counting period measurements and which, although exhibiting a great deal of scatter due to the high statistical uncertainty in the original measurements, are roughly similar to those obtained from the 4-hr counting period. Baseline concentrations for U (1 ppm) and Th (5 ppm) match published averages for the amount present in deep-sea clays; the peak concentrations measured correspond to an additional concentration of 100%-200%. The results are compared to those from downhole logging and shipboard inductively coupled plasma-atomic emission spectrometry measurements. The gamma ray spectra results do not support post- 
INTRODUCTION
Unstable (radioactive) elements present in sediment and rock naturally decay over time. When such an element decays, alpha particles, beta particles, and/or gamma rays are emitted and a new isotope is formed as a decay product. Alpha and beta particles have relatively low energy and are not generally detected by logging equipment. Gamma rays have high energy and are detected. The main radioactive elements in the geological environment are potassium ( 40 K), uranium ( 238 U), and thorium ( 232 Th). The energy of a gamma ray is dependent on the element or isotope that is decaying. The decay product may also be unstable and decay further, emitting more gamma rays with different energies than those from the original element; each radioactive element therefore produces one or more characteristic decay lines. However, gamma ray emissions measured from rock samples are typically in the range of 300-3000 KeV where Compton scattering is dominant and, hence, the measured energy spectrum forms a continuous function with relatively broad peaks relating to the elemental decay lines present.
The natural gamma ray (NGR) detector used by the Ocean Drilling Program (ODP) comprises four doped sodium iodide scintillation counters and photomultiplier tubes in an orthogonal arrangement, where the core passes through the center (Hoppie et al., 1994) . NGR measurements are made routinely as a part of the physical properties measured by multisensor track (MST) but only to provide a measure of the total counts per second (cps). In addition to counting decays, the NGR detector also determines the energy of each gamma ray emission in 1 of 256 energy windows between 0 and 3000 KeV. Blum et al. (1997) outline a method for using the NGR spectra to calculate the relative abundance of the radioactive elements in the sample. Their method involves integrating the area under certain peaks in the NGR spectrum and deriving empirical formulas relating the NGR results to laboratory analyses (i.e., X-ray fluorescence, inductively coupled plasma-mass spectrometry [ICP-MS] , and instrument neutron activation analysis [INAA] ) on crushed samples of the cores on which the NGR measurements were made.
This study looks at the NGR spectra from measurements made on the deepest sediments at Site 1201 and applies the method of Blum et al. (1997) to determine radioactive element concentrations. A 509-m sedimentary section, composed of an upper and lower unit, was cored at Site 1201. The lower unit, from 53 meters below seafloor (mbsf) to the basement at 509 mbsf, consists of late Oligocene to late Eocene interbedded turbidites that are pervasively green-gray in color. Toward the bottom of the lower unit, laminations in the turbidites on the order of 5 cm and thicker are observed with a distinct reddish brown color, and the basal 2.5 m is composed of a brown claystone. During the routine MST logging of the core at Site 1201, the average NGR measurement was ~5 cps; however, spikes of as high as 30 cps were observed in the sediments within 50 m of basement. Radioactive element concentra-1. Calibrate NGR energy windows. 2. Remove background spectrum. 3. Correct for missing core volume. 4. Filter (3-point mean boxcar). 5. Integrate counts within energy intervals containing peak NGR emissions.
The energy of an NGR emission is measured on the MST in 256 discrete levels, or energy windows, that were calibrated at the start of Leg 195 using sources of potassium ( 40 K) and thallium ( 208 Tl). Calibration results are given in Table T2 . The mean energy attributed to the center of window number W x (0-255), calibrated in kiloelectron volts, is defined in Equation 1, and the width of each window is 11.79 KeV.
Mean window energy (KeV) = 11.79W x + 33.93.
(1)
The background spectrum is a measure of the gamma ray energy that enters the NGR instrument and that does not originate from the core sample. This should mainly be cosmic radiation. The background spec- T2. NGR calibration results, p. 32.
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trum must be removed from each core measurement, but determining a sensible spectrum proved not to be trivial, and a number of test counts were made with the NGR instrument empty or containing an empty core liner or a core liner full of deionized water. Spectra obtained from measurements on an empty core liner or with the NGR instrument empty have an overall higher count rate than those obtained when a water-filled core liner was inserted into the NGR. For background counts other than those obtained when the NGR instrument contains a water-filled core liner, the counts in some energy windows >2000 KeV exceed the raw counts obtained when a core sample is inserted in the NGR. There is little difference between the background spectra with the NGR empty or with an empty core liner, and if either are used to correct the NGR data then the total corrected count obtained from each 4-hr measurement is ~10% less than that obtained from the 20-s counting period at the same depth interval. However, if instead the spectrum obtained from the water-filled core liner is used as the background, the total count (cps) obtained from the 4-hr period is ~15% greater than that obtained from the 20-s count period. It seems likely that a sample placed in the NGR acts to block gamma rays from external sources from entering the instrument; because the 4-hr measurements were made on the split core, the NGR sample space was effectively half full and so the optimal background count lies somewhere between those obtained with the NGR empty and those with a water-filled core liner. The background spectrum chosen to correct all the data was taken to be the mean of these counts (Fig. F2 ). An example NGR spectrum after the background has been removed and the application of a three-point mean boxcar filter is shown in Figure F3 . A volumetric correction is applied to account for a smaller than normal core diameter obtained in Hole 1201D by rotary core barrel (RCB) coring and for the 4-hr measurements being made on the archive half of the split core. The good recovery at Site 1201 meant that there was no need to apply a correction for void spaces in the core (e.g., Lyle et al., 1996) ; any gaps or highly fractured sections of core were avoided in making the 4-hr measurements. The average core diameter recovered from the RCB cores at Site 1201 was ~5.75 cm instead of the nominal 6.6 cm. Equation 2 gives the total volumetric correction, where S is the number of counts.
S volumetric = 2(6.6 2 /5.75 2 )S measured .
(2) Blum et al. (1997) split the NGR spectrum into 16 energy intervals (S I1 -S I16 ), each containing one or more discrete peak in the number of counts (Fig. F3) . They then define the peak baseline as the line that passes through the local minima that bound each energy interval (Fig.  F4) . The integrated counts above the peak baseline (S P ) and below the peak baseline (S B ), for selected peaks in the energy spectrum, form the basis of Blum et al.'s element concentration analysis. They recommend using the integrated counts in the peak area of interval six (S P6 ; ~1330-1580 KeV) and the background-corrected total count rate (S TC ) for the analysis. K 2 O concentration in weight percent is linearly related to S P6 (Eq. 3); U and Th concentrations in parts per million are linearly related to S TC (Eqs. 4 and 5).
F2. Background spectrum counts, p. 12. With a small modification, the above method can be directly applied to the NGR data obtained from the routine 20-s counting period data, for the purpose of comparison. Although there is an increased uncertainty in the results, Hoppie et al. (1994) show that S TC measured with a 20-s count period for sediments with a similar level of gamma ray activity has a relatively low standard deviation of 7.4%, only reducing to <5% for significantly longer counting periods. K 2 O is more difficult to determine because, as shown in Figure F1 , S P6 is hard to determine when the local minima in the spectrum are so poorly defined. One possible compromise solution is to see if there is any relationship between S P6 and the total counts in interval six (S I6 ), which is easy to calculate, and then use S I6 to determine the concentration of K 2 O. When S P6 is plotted against S I6 , both calculated from the 4-hr counting period data, a trend appears (Fig. F5) . The best-fit straight line to this data, which also passes through the origin, is given in Equation 6.
The K 2 O concentration for the 20-s counting period NGR data can then be determined using Equation 7.
DISCUSSION
The final corrected gamma ray spectra are shown in Figure F6 . A number of general observations can be made.
1. The highest peak counts occur at 508.50 and 509.36 mbsf, both intervals in the brown claystone that also have the highest total count peaks by a significant margin, and at 470.09 mbsf, in the turbidites above the section of red-brown laminations, but without a significantly higher total count peak. 2. The lowest peak counts occur at 468.54, 471.05, 489.38, 494.34, and 505 .50 mbsf, depth intervals chosen for 4-hr counts specifically because they were observed to have a low total count during routine core logging, to provide a baseline measure of the element concentration. 3. The spectrum at 513.46 mbsf, the only measurement in the basalt, does not appear to be very different from those made in the overlying sediment.
To make a detailed discussion of the spectra, the energy spectrum will be considered in two parts, a low-and high-energy region.
The region below 500 KeV contains lower-energy thorium and uranium emissions but has a large component of emissions that have been affected by Compton scattering in the sample. The main emission peak in this region is composed of at least four smaller, second-order peaks at 120, 190, 275 , and 400 KeV. The sizes of these peaks vary downsection, particularly the relative size of the 190-KeV peak vs. both the 120-and 
S.M. DEAN NGR SPECTRA ANALYSIS 6
275-KeV peaks (Fig. F7) . The 120-and 275-KeV peaks are prominent and larger than the 190-KeV peak in the majority of the spectra, especially those at 508.50 and 509.36 mbsf. In the spectra at 468.54, 470.09, 482.98, and 505 .50 mbsf, the central 190-KeV peak becomes more prominent and merges with the 120-KeV peak. The spectrum at 470.09 mbsf is of particular note in that it has the second highest peak count and corresponds to a relatively high total count of 12 cps; it appears anomalous located above the section of red-brown laminations where the total counts are otherwise generally low. When the cumulative total counts are calculated as a function of increasing energy (Fig.  F8) , the curves plot in two clusters that correspond to the pattern of peaks observed in the low-energy region. Spectra with prominent peaks at 120 and 275 KeV correspond to a cumulative count that plots lower for a given energy than when the 190-KeV peak is prominent. In other words, where spectral peaks at 120 and 275 KeV are prominent, there is a relative increase in the gamma ray emissions toward the higher end of the energy spectrum. Although the low-energy region accounts for 75% of the total gamma ray emissions, Blum et al. (1997) analyze it as a single interval, thus making it unclear whether the observed trend is related to the presence of any particular element.
The high-energy region above 500 KeV contains many discrete emission peaks that can be identified. The most prominent peak in this region is that for 40 K at 1460 KeV, but other peaks can also be identified: 214 Bi, particularly at 609 KeV, from the uranium decay series and 208 Tl at 2615 KeV and 228 Ac at 911-969 KeV from the thorium decay series. The 40 K peak directly relates to the total potassium concentration, which will be discussed in the next section. The other peaks in the highenergy region are more variable, and it is difficult to identify any obvious patterns downsection from the spectra alone.
The concentrations of K 2 O, U, and Th calculated from the 4-hr counting period measurements are given in Table T3 . K 2 O varies between 0.82 and 2.74 wt% (mean = 1.61 wt%). U varies between 0.61 and 2.95 ppm (mean = 1.17 ppm). Th varies between 3.35 and 15.29 ppm (mean = 6.23 ppm). Ignoring all the measurements at NGR peaks, the baseline concentration in this interval is 1.28 wt% for K 2 O, 0.84 ppm for U, and 4.50 ppm for Th. The highest concentration for each element is measured in the brown claystone at a depth of ~508.50 mbsf. There is ~200% more U and Th in the brown claystone relative to the gray-green sediments, whereas there is only ~150% more K 2 O. The redbrown laminations have a more modest increase of ~50% U and Th but 100% for K 2 O. The results obtained from both the 4-hr and 20-s counting periods are plotted in Figure F9 and compare favorably, especially for U and Th. In general, the element concentrations obtained from the 20-s count period NGR data are lower than those from the 4-hr counting period data. This result is not unexpected since most of the 4-hr measurements were specifically made over depth intervals where local peaks in the total counts were identified. Unsurprisingly, there is considerably greater scatter in the results from the short-period measurements. However, for U and Th, most of the 20-s values lie within the error bars of the 4-hr values. By comparison, K 2 O concentration, estimated from the 20-s counting period, exhibits far greater scatter (in excess of 50% of the mean value). The larger scatter in K 2 O concentration is a consequence of being calculated from counts from only a fraction of the full energy spectrum, which increases the uncertainty in the number of counts measured. The S I6 energy window used to calculate 
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K 2 O concentration contains <10% of the total counts used for the other elements ( Fig. F8) . Geochemical analyses at Site 1201 included six shipboard inductively coupled plasma-atomic emission spectrometer (ICP-AES) measurements for K 2 O in the brown claystone between 507.56 and 509.7 mbsf. The ICP-AES values vary from 1.05 to 1.52 wt% (mean = 1.31 wt%), which makes them fall within the scatter of the concentrations from the 20-s measurements but outside of the error bars from the 4-hr measurements (Fig. F9) . The geochemical analysis locations do not exactly match the depth intervals for any of the 4-hr measurements, so it is possible that the very active layers in the NGR data are as thin as a few centimeters, which would be below the resolution of the NGR instrument (Hoppie et al., 1994) . Downhole measurements with the Schlumberger logging tool also provide the concentration of K 2 O, U, and Th, and these are shown in Figure F9 . Initially there appears to be little similarity between the data sets. However, the relative variations in concentrations of K 2 O and Th downsection are similar; the major peak over the brown claystone is also present in the downhole data, and other smaller peaks (e.g., at 53 mbsf) are clear in both data sets. However, the downhole concentrations are 0.5-1.0 wt% lower for K 2 O and as much as 5 ppm for Th. The downhole concentration of U has a similar mean value of ~1 ppm but exhibits considerably greater variation than the NGR results and, for the brown claystone in particular, often shows a decrease in concentration where the NGR results show an increase. The reason for this discrepancy is not clear. The average concentrations of K 2 O, U, and Th in deep-sea sediment are 2.1 wt%, 1 ppm, and 5 ppm, respectively (Chester and Aston, 1976) , very similar to the mean values determined from the NGR measurements but also similar to the peak values measured by downhole logging in the brown claystone that may be the most appropriate lithology with which to compare the published values. The ICP-AES measurements of K 2 O concentration do not corroborate either the concentrations from the downhole logging or the NGR because they lie between the two results.
The increased concentrations of K 2 O, U, and Th in the red-brown sediments could be related to either a change in the sediment source, the depositional environment, or the diagenesis of the sediments. One possibility is that the high element concentrations have been affected by fluid flow through the sediments. However, the relative mobility of each radioactive element is different (in particular, uranium is soluble whereas thorium is not) but in the Site 1201 results, the ratio of U to Th concentration changes very little between regions with high and low total counts. Another possibility is that the NGR results simply reflect the interbedding of the brown claystone with high NGR emissions and the turbidites that have otherwise relatively low NGR emissions, resulting in the red-brown colored sections. The source of the brown claystone appears to only have been active during the early stages of the deposition of the sequence. This interpretation is consistent with the lithostratigraphic descriptions of the core. However, the proportionate increase in the concentration of K 2 O, U, and Th is not the same in the claystone as in the red-brown sediment, nor does this explain the high emissions at 470.09 mbsf, where the red-brown coloration is absent.
The similarity observed between the element concentrations determined from 4-hr and 20-s counting period spectra have a number of consequences. First, the element composition could be determined where only short count period data are available (e.g., existing ODP
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NGR data) to provide a rough estimate of the radioactive element composition at other sites. Although speculative, it may also suggest that the current analysis technique is not extracting all possible information from the 4-hr spectra, which clearly have a much-improved resolution of the spectral peaks. It may be worthwhile to investigate the sensitivity of the NGR to a number of key decay products in the U and Th series to develop the analysis using multiple spectral peaks together to provide the total element concentration. Blum et al. (1997) show that, with the exception of a K peak at 1460 KeV (S P6 ), a single spectral peak does not statistically relate to the total concentration of any parent element. In analyzing the downhole spectral NGR data, Schlumberger splits the gamma ray spectrum in a relatively simple way, into five energy windows (Schlumberger, 1987) . However, through the calibration of the instrument using a number of sources with known element concentrations, the instrument can calculate the total element concentration in any other sample using a function that weights the counts in each window. The ODP instrument, with 256 energy windows that can be combined to target spectral peaks relating to a single decay product (such as those defined by Blum et al. [1997] ), could be calibrated to either replicate the Schlumberger results or, more usefully, give the relative abundance of the decay products for each element.
CONCLUSIONS
The analysis of spectral NGR data acquired by the MST at Site 1201 shows the following:
1. Baseline concentrations for U (~1 ppm) and Th (~5 ppm) in the sediments match published averages for deep-sea sediment. The measured concentration of K 2 O is generally less than the published average of 2.1 wt%. The concentration of K 2 O in the Site 1201 sediments below 460 mbsf is generally very low. Shipboard K 2 O concentration measurements by ICP-AES are even lower than those derived from the NGR spectra. 2. Peak concentrations of K 2 O, U, and Th in the red-brown layers of the sediment are ~100% above those in the adjacent graygreen sediments; concentrations in the brown claystone layers at the basement contact are elevated by 100%-200% relative to the gray-green sediments. 3. Analysis of the low-energy region (<500 KeV) identifies clear trends in the spectrum that may be related to the concentration of specific elements but cannot be determined by the current analysis method. 4. The most likely source of the increased K 2 O, U, and Th concentrations in the brown claystone and red-brown layers is a change in the composition of the sediment source rather than diagenetic alteration of the sediments. If fluid flow were affecting the radioactive element concentrations in specific layers, the U/Th ratio should vary with depth through the section, but this is not observed in the Site 1201 data. 5. Element concentrations determined from 4-hr and 20-s counting periods compare closely, although, unsurprisingly, the greater uncertainty in the shorter-period measurements gives more scatter in the results.
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6. Comparison between the NGR element concentrations and those measured by downhole logging shows that the two techniques are not well calibrated. This is a major problem, and integrating the data sets would be especially useful because the downhole logging results could fill in gaps in the MST log where recovery was <100%. Figure F1 . A comparison between the NGR spectrums obtained from a 4-hr counting period (black line; 488.54 mbsf) and a 20-s counting period (gray bars; 488.56 mbsf) used during the routing of MST core logging at Site 1201. Background counts have not been removed and the data are unfiltered, but the 4-hr measurements have been corrected for missing core volume (see text for details).
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